Background: Measurement of complex I activity has been hampered by the large amounts of tissue required and the resulting turbidity of the assay solution, which makes spectrophotometric analysis difficult. We have developed a new assay for measuring the activity of complex I in isolated mitochondria that is also applicable to skeletal muscle homogenate in patients with suspected mitochondrial diseases. Methods: The method was a radioenzymatic assay based on the preferential oxidation of the 4B hydrogen of NADH by complex I. We prepared tritiated isoforms of NADH for both the respective 4A-3 H and 4B-3 H positions. Enzyme in the form of purified mitochondria or homogenate was prepared from rat or human skeletal muscle and incubated with the respective radioisotopes. The product ( 3 H 2 O) was collected after charcoal adsorption of unreacted NADH and taken as an indicator of NADH oxidation. Sensitivity to rotenone was used as a measure of complex I specific activity. Results: The assay was linear with time and protein for isolated mitochondria and tissue homogenates from rats and humans. The V max and K m values obtained for 4B-NADH with isolated rat skeletal muscle mitochondria were 35 mol/L and 90 mol ⅐ min ؊1 ⅐ mg protein ؊1 , respectively. The assay was reproducible and useable for routine measurements in human skeletal muscle. The sensitivity was >10-fold higher than the sensitivities of spectrophotometric techniques.
zymes located in the inner mitochondrial membrane. Complex I, perhaps the most complicated of these, is composed of 41 subunits, 34 of which are encoded by nuclear DNA (1 ) . One of the main functions of complex I is the transport of electrons across the inner mitochondrial membrane via the oxidation of NADH coupled to reduction of ubiquinone (2 ) .
Disorders of complex I are a frequent cause of mitochondrial diseases and can manifest with a wide variety of clinical symptoms, ranging from simple muscle lethargy to whole organ malfunctions (3 ) . Recently, a deficiency of complex I has been implicated in neurodegenerative disorders, such as Parkinson disease (4 ) .
For the diagnosis of complex I deficiency, detection of functional protein activity is preferable to a mutational screen of all 41 subunit transcripts or coding sequences. The technique used currently is a spectrophotometric assay, which measures the oxidation of NADH to NAD ϩ at 340 nm by skeletal muscle homogenate prepared from patient biopsies (5) (6) (7) . The disadvantage with this method has been its insensitivity. One reason for the insensitivity is that it requires large quantities of tissue, which make the assay solution turbid and difficult to analyze by optical methods. Another of the reasons for the low sensitivity of the spectrophotometric assay is that NADH is oxidized not only by complex I but also by the many other dehydrogenases located in skeletal muscle or other tissues.
It is well established that dehydrogenases such as complex I exhibit stereospecificity regarding the oxidation of NADH. Studies with submitochondrial particles from beef heart and rat liver have revealed a specificity of the respiratory chain complex I for the 4B hydrogen atom of NADH (8 ) . At the same time, it was found that most other NADH dehydrogenases (microsomal, mitochondrial outer membrane, malic acid, and cytochrome c reductase) were 4A-3 H specific. Because, as mentioned above, one of the disadvantages of the spectrophotometric assays is the high background activity of dehydrogenases other than complex I, the availability of [4Bmore specific assay. We therefore prepared radioactive isoforms of NADH tritiated in the respective 4A-3 H or 4B-3 H positions and tested both as suitable substrates for complex I activity. Enzyme in the form of purified mitochondria or homogenate was prepared from rat or human skeletal muscle and incubated with the respective radioisotopes. The product ( 3 H 2 O) was collected after charcoal adsorption of unreacted 3 H-NADH and measured as an indicator of the amount of NADH oxidation. Sensitivity to the inhibitor rotenone was used as the indicator of complex I specific activity (9 ).
Materials and Methods
All reagents were of analytical grade and purchased from either Merck or Sigma unless otherwise specified.
preparation of 4a and 4b stereoisomers of nadh Tritiated [4- 3 H]NAD-ammonium salt was obtained from Amersham at a specific activity of 1.35 Ci/mmol. The respective isoforms of NADH were prepared enzymatically from stereospecific dehydrogenases and then purified on an anion-exchange column, as described previously by Fisher and Guillory (10 ) .
[4A-3 H]NADH was synthesized with 1 mg of the enzyme l-glutamate dehydrogenase (45 U/mg; Sigma) and 60 mol l-glutamic acid (monosodium salt). The reaction was carried out in a mixture containing 40 mol of Tris-HCl, 112 mol of sucrose, and 360 mol of hydrazine hydrate. Five micromoles of unlabeled and 15 nmol of tritiated NAD ϩ were added to a total volume of 1.25 mL (final specific activity, 4 mCi/mmol) and incubated at room temperature for 1.5 h.
[4B-3 H]NADH was synthesized with 200 mol of ethanol and 0.2 mg of alcohol dehydrogenase (305 U/mg; Fluka) in a mixture containing 24 mol of Tris-HCl, 70 mol of sucrose, and 240 mol of hydrazine hydrate. Five micromoles of unlabeled and 15 nmol of tritiated NAD ϩ were added to a total volume of 2.5 mL (final specific activity, 4 mCi/mmol) and incubated at room temperature for 1 h. Reactions were stopped by heating to 95°C for 3 min, the protein was pelleted by centrifugation at 15 000g for 5 min, and the supernatant was used for isolation of the respective reaction products.
The product from each of the enzyme reactions was loaded onto an A-25 DEAE Sephadex (Amersham Pharmacia) column (1 ϫ 4.5 cm) equilibrated with starting buffer (25 mmol/L Tris-HCl, pH 8). The column was washed with 100 mL of water, and then unreacted NAD The remaining bound 3 H-NADH isomer was eluted with 0.5 mol/L Tris-HCl, pH 7, in 1-mL fractions. The fractions were checked spectrophotometrically at 340 nm, and the final concentration of the 3 H-NADH isomer was established against a calibration curve of unlabeled NADH in elution buffer. The specific activity of the product was assessed by scintillation counting in a BETA V liquid scintillation counter (Kontron Instruments) with 5 mL of IRGA-safe plus (Packard) 
preparation of mitochondria
Mitochondria were prepared from rat skeletal muscle as described by Hoppel et al. (11 ) . The final yield was 5.5 mg of mitochondrial protein per gram of skeletal muscle wet weight as determined by the Bradford protein assay (12 ) . Mitochondria were stored in 25 mmol/L potassium phosphate buffer at Ϫ20°C until needed. Usually, 2 g of mitochondrial protein was used per assay unless otherwise specified.
preparation of homogenate
Skeletal muscle samples from human biopsies or rats were stored frozen at Ϫ70°C until needed and then were homogenized with a motorized glass/glass homogenizer (Eurostar) at a concentration of 20 g tissue/L in 25 mmol/L potassium phosphate buffer until complete tissue disruption was achieved. There was no change in activity observed after freezing and thawing. The standard assay measured 40 g of tissue per assay unless otherwise specified.
enzyme assays
Complex I activity was measured in a 50 mmol/L potassium phosphate buffer, pH 6.5, containing 5 mmol/L MgCl 2 , 2.5 g/L bovine serum albumin, 100 mol/L decylubiquinone, 0.02 g/L antimycin A, and 0.0125 g/L KCN. Buffer was made fresh each day and used within 4 h. KCN and antimycin A were added to prevent backflow of electrons along the respiratory chain.
3 H-NADH (specific activity 1 mCi/mmol) in a final concentration of 100 mol/L in either its 4A-3 H or 4B-3 H form was added to the buffer and preincubated at 37°C for 3 min in a final volume of 98 L. Control reactions contained 2 mol/L rotenone as a specific inhibitor of complex I activity. The reaction was started by addition of 2 L of enzyme preparation.
Reactions were allowed to proceed for 5 min before being stopped by the addition of 1 mL of 75 g/L activated charcoal in water and immediately vortex-mixed for 20 s. Samples were centrifuged at maximal speed on a bench top centrifuge for 5 min, and duplicate 300-L aliquots were taken for counting with 5 mL of scintillation fluid.
Spectrophotometric determination of the activity of complex I was performed as described previously (6 ) but with 100 mol/L decylubiquinone instead of ubiquinone-1 as the electron acceptor.
data presentation and statistical analysis
For all points represented in the graphs, the averaged value from triplicate reactions in the presence of rotenone was subtracted from a minimum of three individual reactions in the absence of the inhibitor. Activities were adjusted to mol of NADH oxidized per minute per milligram of protein or tissue and taken as only that portion of activity inhibitable by rotenone, unless otherwise specified.
Data are given as mean Ϯ SD. Michaelis-Menten kinetics were fitted using nonlinear regression analysis (Sigmaplot for Windows 4.0; Jandel Scientific).
Results
Although not optically active, the two hydrogens in position 4 of the nicotinamide ring of NADH can be distinguished by dehydrogenases. Using NADH that was tritiated specifically in the 4 position, Ernster et al. (8 ) showed that most dehydrogenases (e.g., microsomal, mitochondrial outer membrane, malic acid, and cytochrome c reductase) preferentially use the hydrogen in the 4A position, whereas complex I and alcohol dehydrogenase use the hydrogen in the 4B position. An assay based on this specificity and using [4B-3 H]NADH as a substrate would therefore presumably be more specific for complex I activity.
The synthesis of the two radioactive isomers of NADH was achieved enzymatically from tritiated NAD ϩ and either l-glutamate dehydrogenase (4A-3 H) or alcohol dehydrogenase (4B-3 H) as described in Materials and Methods. The reaction product was adsorbed onto a DEAE Sephadex anion-exchange column, and the tritiated NADH was eluted with 0.5 mol/L Tris buffer, pH 7. The concentrations of the resulting fractions were typically 0.5-1 mmol/L, and the specific activity was 4 mCi/mmol NADH.
Using isolated rat skeletal muscle mitochondria, we optimized assay conditions for temperature (data not shown) and pH (Fig. 1) . The highest activity without loss of sensitivity to rotenone was observed at pH 6.5. This pH was therefore chosen for all further experiments. The optimal temperature was 37°C, with increasing activity over the range investigated (20 -37°C). As shown in Fig.  2A , the reaction was linear for 10 min with isolated mitochondria as the enzyme source, and a similar result was obtained with rat skeletal muscle homogenate (Fig.  2B) . With an incubation time of 5 min, the reaction was linear for up to 4 g of mitochondrial protein or 80 g of skeletal muscle. Similar results were obtained for isolated rat liver mitochondria and liver homogenate (data not shown). Replacing the phosphate buffer with Tris-HCl did not produce higher activities (data not shown).
Activity at all times was taken as a subtraction of the rotenone-insensitive portion from the total observed; i.e., total activity observed minus activity in the presence of 2 mol/L rotenone. The background at zero time or in the absence of enzyme was directly proportional to the total tritium added to the reaction and represented 5-10% of the total radioactivity used. This background typically represented 20 -40% of the final activity (after charcoal adsorption) in the presence of enzyme and after incubation for 5-10 min. Rotenone-sensitive NADH oxidation was between 60% and 80% of the total activity after subtraction of background for both isolated mitochondria and muscle homogenate.
Complex I is a multisubstrate enzyme, requiring a suitable quinone as an electron acceptor. Michaelis-Menten kinetics were observed for both decylubiquinone (Fig.  3 ) and [4B-3 H]NADH (Fig. 4) NADH was used as a substrate, rotenone-insensitive but no rotenone-sensitive activity could be observed with isolated mitochondria, demonstrating the specificity of the assay (Fig. 4) . However, as shown directly by spectrophotometric analysis, both 4A-NADH and 4B-NADH are substrates for complex I and produce the same activity (data not shown). These experiments demonstrate that complex I specifically uses the hydrogen of NADH that is located in the 4B position. Studies of variability in the assay were conducted with multiple homogenates of the same sample (rat skeletal muscle) on different days, and the standard deviation was taken as a gauge of the reproducibility of the assay. Five separate homogenates were prepared individually on 3 different days, with the mean activity of complex I showing an overall variation of 6% of the mean (2.66 Ϯ 0.17 U/g tissue). On the 3 individual days, the mean activities were 2.48 Ϯ 0.95, 2.79 Ϯ 0.79, and 2.71 Ϯ 0.59 U/g tissue, respectively.
Simultaneous determination of complex I activity in rat skeletal muscle (3.1 Ϯ 1.2 U/g) and mitochondria isolated from the same muscle (76 Ϯ 13 U/g protein) allowed us to estimate the amount of mitochondrial protein per gram of muscle. According to these activities, 1 g of skeletal muscle yielded 42 mg of mitochondrial protein.
Given that the overall aim of this project was to establish a workable method for human tissue homogenate, we assayed complex I activity in frozen tissue samples (stored for 1 month to 2 years at Ϫ70°C) of different adult patients. The reaction demonstrated Michaelis-Menten kinetics with similar kinetic constants as found in rat skeletal muscle. The reaction was linear at 5 min for up to 60 g of tissue per assay and at 10 min for up to 40 g of tissue per assay. Maximal activities were determined for seven different human tissue homogenates, using the conditions worked out for rat tissues. The activities were close to those in rat skeletal muscle homogenate, averaging 4.2 Ϯ 2.4 U/g tissue. The same tissues were also analyzed by the spectrophotometric method, which yielded an activity of 3.2 Ϯ 1.8 U/g tissue. Unfortunately, no skeletal muscle samples of patients with complex I deficiency were available for testing.
Discussion
The fundamental importance of the respiratory chain and its increasing implication in several diseases has led to the need for development of reliable assays to test the function of each complex on a direct and individual basis. The development here of a reproducible, sensitive, and specific assay for complex I of the respiratory chain is a . Only the rotenone-sensitive activity is given.
valuable contribution to the detection of this disorder in patients with metabolic diseases.
We developed an approach to determining complex I activity that is entirely different from the spectrophotometric methods used currently. This approach is based on the ability of the NADH dehydrogenases to differentiate between the two hydrogens in position 4 of the dihydropyridine ring of NADH. This specificity of the NADH dehydrogenases is most likely related to steric hindrance of the rotation of the dihydropyridine ring, which prevents free access of both hydrogens to the active center of the respective dehydrogenase. Regarding unlabeled NADH, the existence of the 4A-and 4B-isoforms is functionally not important because both positions contain hydrogen atoms. We have shown this directly with the spectrophotometric method, which indicated identical activities for complex I for both the 4A-and 4B-NADH isoforms. Therefore, [4B-3 H]NADH can be diluted with commercial NADH for the assay of complex I activity as described by us. As demonstrated by our experiments, the existence of the 4A-and the 4B-NADH isoforms becomes an important diagnostic tool, however, when one of the hydrogens is labeled and can therefore be differentiated from the other one.
The 4A-and 4B-isoforms must be differentiated from the ␣-and ␤-isoforms of NADH, which are commercially available. The ␣-and ␤-isoforms of NADH are true stereoisomers, differing in the position of the adenosine moiety in relation to the plane of the sugar ring. This position is above the plane of the sugar ring in the case of the ␣-isomer and below the plane in the case of the ␤-isomer. In all cases, we used the more common ␤-NADH isomer.
Our studies show that [4B-3 H]NADH can be used reliably as a substrate for the measurement of complex I activity. We have demonstrated that the assay is linear with time and protein or tissue content for isolated mitochondria and tissue homogenates from rats and humans, and that the results are reproducible. The reactions of the two substrates can be described by Michaelis-Menten kinetics, and the K m values are in the expected range. Previous reports of the activity of complex I have varied according to the enzyme preparations and the ubiquinone species used. Values range from 0.3-1 mol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 for submitochondrial particles from bovine heart (13, 14 ) or yeast (15 ) to 0.082 mol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 for human skeletal muscle mitochondria (7 ) . This value is close to the V max obtained with rat skeletal muscle mitochondria in our studies (0.090 mol ⅐ min Ϫ1 ⅐ mg protein
Ϫ1
). The ubiquinone species used is another source of variation of the V max for this enzyme reaction. The longer chain ubiquinones are problematic because of their insolubility in water (7 ) , and other ubiquinones are problematic because they render complex I activity less sensitive to rotenone (16 ) . Because we (17 ) and others (14, 15, 18 ) have used decylubiquinone successfully for the spectrophotometric determination of complex I activity, we considered it a suitable substrate for the current study. 
